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A gamma-ray excess from the galactic center consistent with line emission around 130 GeV was
recently found in the Fermi-LAT data. Although the Fermi-LAT Collaboration has not confirmed
its significance, such a signal would be a clear signature of Dark Matter annihilation. Until now,
there have been many attempts to explain the excess by Dark Matter. However these efforts tend
to give too-small cross sections into photons if consistency with the correct thermal relic density
of Dark Matter is required. In this letter, we consider a simple Yukawa interaction that can be
compatible with both aspects and show which parameters are favored.
PACS numbers: 13.40.Ks, 95.35.+d, 98.70.Rz
Observations of gamma-rays, cosmic ray positrons,
anti-protons and neutrinos are performing to look for
Dark Matter (DM) signatures. In particular, Fermi-LAT
public data has recently been examined in detail, and a
gamma-ray excess around 130 GeV from the region of
the galactic center has been claimed [1, 2]. The Fermi-
LAT Collaboration also found the excess at 135 GeV in-
dependently [3], however they found a much lower sig-
nificance in the re-processed data-set [4]. Many authors
have provided models of this excess by monochromatic
gamma-rays from DM annihilation or decay, see for ex-
ample [5–23]. If the source of the gamma-ray excess is
DM annihilation, the required cross section into two pho-
ton is σvγγ = 1.27×10
−27 cm3/s for an Einasto DM den-
sity distribution; this value can change for a different DM
profile [2]. The process of DM annihilation into two pho-
ton is loop-suppressed because DM does not have electric
charge. The loop-suppression factor is naively expected
to be α2em/ (4π)
2
∼ 10−7 compared with the annihilation
cross section σvth ∼ 10
−26 cm3/s where αem is the elec-
tromagnetic fine structure constant. This value of σvth is
needed to achieve the correct relic density of DM. Thus,
it seems difficult to be consistent with the thermal relic
density of DM unless some enhancement of the cross sec-
tion is introduced [24]. In other words, if we assume DM
is thermally produced, the gamma-ray production cross
section is fixed to a value that is too small to explain the
excess around 130 GeV.
Another possibility is the explanation via Internal
Bremsstrahlung (IB) of Majorana DM [1]. The possi-
bility of explaining the 130 GeV excess with IB has been
explored in refs. [1, 25–28]. This process is the radiative
correction for the final state charged particles and the
intermediate particle. The IB process generates a line-
like energy spectrum. The suppression factor compared
with σvth is roughly αem/π ∼ 10
−3 which is larger than
the monochromatic photon case. Thus the IB process
has better prospects than the monochromatic γγ pro-
cess from this point of view. However, even with the
IB process, it seems difficult to be compatible with the
thermal relic density of DM. For standard p-wave anni-
hilating neutralino DM, the IB signal is still a factor of
a few below the nominally required rate for the observed
density.
In this letter, we consider IB for real scalar DM in-
teracting with a fermionic mediator and a light fermion.
As we discuss below, the annihilation cross section into a
light fermion-anti-fermion pair is expanded with the rel-
ative velocity of DM, with a suppressed constant term.
As a result, a higher order term of the cross section can
be dominant in the early universe, and the cross sec-
tion into gamma-rays becomes relatively large at present
times, thus reconciling the relic density value and the
interpretation of the gamma-ray excess by DM annihila-
tion.
We consider a real scalar DM particle χ which has
the following Yukawa interaction with the electromag-
netically charged fermion f and the fermionic mediator
ψ
L = yLχψPLf + h.c., (1)
where the fermion f is typically a light lepton or a quark.
The annihilation cross section into ff is expanded as
σvff = a + bv
2 + cv4 + O
(
v6
)
with the DM relative
velocity v, and it is calculated under the approximation
of mf ≪ mχ as
σvff =
y4L
4πm2χ
m2f
m2χ
1
(1 + µ)2
−
y4L
6πm2χ
m2f
m2χ
1 + 2µ
(1 + µ)4
v2
+
y4L
60πm2χ
1
(1 + µ)
4
v4 +O
(
v6
)
, (2)
where the Yukawa coupling yL is assumed to be real,
and the parameter µ is the ratio of masses defined as
µ ≡ m2ψ/m
2
χ > 1. The first and second terms of Eq. (2),
which are called the s-wave and p-wave respectively, agree
with the appendix of ref. [29]. In addition, the d-wave
term which is proportional to v4 is easily found to be
the leading term in the limit of mf → 0. The s-wave
2FIG. 1: Internal Bremsstrahlung processes of (real) scalar
DM.
and p-wave are suppressed by the factor m2f/m
2
χ, thus
the d-wave becomes the dominant contribution to the
cross section in the early universe when µ is not large
enough. Conversely, the s-wave becomes dominant to-
day even if the mass of particle f is as low as the elec-
tron mass. The non-relativistic thermally averaged cross
section 〈σvff 〉 is given by substituting 〈v
2〉 → 6T/mχ
and 〈v4〉 → 60T 2/m2χ where T is the temperature of the
universe. This replacement coincides with refs. [30, 31].
The thermally averaged cross section is important to es-
timate the relic density of DM. The typical value of the
temperature that sets the correct relic density is roughly
mχ/T ≈ 20-25.
Next, we consider the radiative correction for the above
2-body process, that is χχ→ ffγ shown in Fig. 1. This
process is the IB of the real scalar DM, and the emitted
photon can be a gamma-ray signal which is comparable
with the Fermi-LAT excess. The amplitude for the total
IB is separated to two pieces of Final State Radiation
(FSR) and Virtual Internal Bremsstrahlung (VIB). One
cannot generally treat the VIB diagram separately in a
gauge invariant manner, and it is only the sum of all
three diagrams in Fig. 1 that is gauge invariant. Here
we define the FSR amplitude as the leading term of the
differential cross section in Eq. (4), and the VIB one as
the amplitude removing the chiral suppression in s-wave
to the annihilation cross section. This definition of FSR
and VIB makes the following discussion clear, however
we note that it is different definition from ref. [38]. Thus
the differential cross section is expressed as
dσvffγ
dx
=
dσvFSR
ffγ
dx
+
dσvVIB
ffγ
dx
, (3)
with x = Eγ/mχ, where the interference term between
the FSR and VIB amplitudes are neglected here.
The first term in Eq. (3) of FSR can be written in the
model-independent way:
dσvFSR
ffγ
dx
≈ σvff
Q2αem
π
(1− x)
2
+ 1
x
log
(
4m2χ (1− x)
m2f
)
,
(4)
whereQ stands for the electromagnetic charge of ψ and f .
A similar result is obtained for a bosonic final state, but
the x dependence is different [33]. The FSR differential
cross section is proportional to the 2-body cross section
σvff . This implies that if mf ≪ mχ, the FSR gives a
very small contribution and it can be negligible at present
times. The energy spectrum of FSR is broad and it is not
suitable to explain the gamma-ray excess. If the FSR
contribution is not suppressed, the energy spectrum of
the first term in Eq. (3) invariably becomes greater than
the second term.
The second term in Eq. (3) represents the VIB contri-
bution [34, 35]. This process is well-known for enhancing
the s-wave component in such chirally-suppressed mod-
els. The differential cross section of the VIB process for
Majorana DM has been calculated in ref. [32, 36–38].
Similarly, it is calculated for real scalar DM by following
ref. [38] as
dσvVIB
ffγ
dx
=
Q2αemy
4
L
4π2m2χ
(1− x)
[
2x
(µ+ 1) (µ+ 1− 2x)
−
x
(µ+ 1− x)
2
−
(µ+ 1) (µ+ 1− 2x)
2 (µ+ 1− x)
3
log
(
µ+ 1
µ+ 1− 2x
)]
, (5)
and the total cross section is obtained by integrating Eq. (5) in the range of 0 ≤ x . 1 as follows
σvVIB
ffγ
=
Q2αemy
4
L
8π2m2χ
[
(µ+ 1)
(
π2
6
− log2
(
µ+ 1
2µ
)
− 2Li2
(
µ+ 1
2µ
))
+
4µ+ 3
µ+ 1
+
4µ2 − 3µ− 1
2µ
log
(
µ− 1
µ+ 1
)]
, (6)
where Li2(z) is the dilogarithm function defined by
Li2(z) = −
∫ 1
0
log(1 − zt)/tdt. The above VIB cross sec-
tion for real scalar DM is a factor of 8 times larger than
that for Majorana DM. Note that the continuum gamma-
ray spectrum due to hadronization should be added in
Eq. (3) when the final state particles are tauons or light
quarks.
The above discussion is valid when the other interac-
tions are sufficiently suppressed. Here we add the inter-
action with the right-handed component of the fermion f ,
and we estimate how much hierarchy is necessary among
the interactions in order for the above scheme to work.
3If the interaction with the left and right-handed fermion
is
L = χψ (yLPL + yRPR) f + h.c., (7)
the s-wave and p-wave components are not suppressed as
in Eq. (2), and they are given by
σvff =
y2Ly
2
R
πm2χ
µ
(1 + µ)
2
−
y2Ly
2
R
3πm2χ
µ+ 3µ2
(1 + µ)
4
v2+O
(
v4
)
. (8)
This formula coincides with the appendix of ref. [29]. We
can estimate the required condition among the parame-
ters to validate the above discussion. The s-wave com-
ponent should be suppressed enough compared with the
d-wave, leading to the condition:(
yR
yL
)2
.
v4
60µ (1 + µ)
2
. (9)
Therefore, yR/yL . 0.02 is required when µ ∼ 1 and
v2 ∼ 0.3. For example even if yR does not exist at tree
level, yR is induced at one-loop level from the left-handed
Yukawa coupling yL. When µ ∼ 1, the right-handed
Yukawa coupling yR is then
yR ≈ −
y3L
2(4π)2
µ
mf
mχ
. (10)
This is sufficiently small compared with yL because of the
factor mf/mχ, and the requirement Eq. (9) is satisfied.
We comment about other DM models, such as complex
scalar and fermionic DM. In the case of complex scalar
DM, the s-wave component of the 2-body cross section is
suppressed by the factorm2f/m
2
χ, just like real scalar DM,
but the p-wave component remains. Thus this frame-
work discussed above does not work. For Majorana DM,
the non-suppressed p-wave term is also present, and we
cannot reconcile the DM relic abundance and the expla-
nation of the gamma-ray excess by DM annihilation. For
Dirac DM case, the s-wave term exists for the 2-body pro-
cess, and the FSR process is always larger than the VIB
process. Thus we cannot obtain the line-like gamma-ray
spectrum from VIB because the VIB signal is swamped
by the broad FSR spectrum.
We numerically analyze the consistency between the
thermal relic abundance of DM and the gamma-ray ex-
cess. In the following calculation, fermion f is taken to be
the electron. The thermal relic density of DM is obtained
by solving the Boltzmann equation [30, 31, 39]
z
Yeq
dY
dz
= −
Γ
H
(
Y 2
Y 2eq
− 1
)
, (11)
where Y is defined as the DM number density nχ divided
by the entropy density of the universe, and Yeq is the
value of Y in thermal equilibrium. The reaction rate Γ
is defined as Γ ≡ 〈σv〉neqχ with the number density in
thermal equilibrium, H is the Hubble parameter and z
is a dimensionless parameter defined by z = mχ/T . The
total cross section implies 〈σv〉 = 〈σvff 〉 + 〈σvffγ〉. In
general, we need approximately 〈σv〉 ∼ 10−26 cm3/s in
order to get the correct relic abundance of DM which is
Ωχh
2 = 0.120 observed by Planck [40].
We have only three parameters: mχ, µ and yL. We
solve the Boltzmann equation numerically with an im-
plicit method. The contours of Yukawa coupling yL
which satisfy the observed DM relic density are depicted
in Fig. 2 in mχ-µ plane. We can see from the figure that
a larger Yukawa coupling is required for larger µ. Coan-
nihilation between the DM χ and the mediator ψ begins
to be effective in the region of µ . 1.2. For example,
the process χψ → fH can occur with the interaction of
Eq. (1) and the SM Yukawa couplings where H is the
SM Higgs. However, it would be small for the light SM
charged particles. If the other interactions lead to effec-
tive coannihilation, this should be taken into account, as
it may affect the numerical analysis.
The gamma-ray flux coming from DM annihilation for
the target region ∆Ω is given by
dΦDMγ
dEγ
=
r⊙
8π
ρ2⊙
m2χ
J¯〈σvγ〉
dNγ
dEγ
, (12)
where r⊙ = 8.5 kpc is the distance of the earth from
the galactic center, and ρ⊙ = 0.4 cm
3/s is the local DM
density [41]. The parameter J¯ is defined as
J¯ ≡
1
∆Ω
∫
dbdℓ cos b
∫
l.o.s
ds
r⊙
(
ρ(r, b, ℓ)
ρ⊙
)2
, (13)
where b and ℓ are the galactic latitude and longitude
of the target region. The integral variable s is re-
lated with the distance from the galactic center r as
r(s, b, ℓ) =
√
r2⊙ + s
2 − 2r⊙s cos b cos ℓ. Note that the
energy dependence arises only from the energy spec-
trum dNγ/dEγ , and 〈σvγ〉dNγ/dEγ simply corresponds
to Eq. (3) at present situation. We use the generalized
NFW profile [42] which is written
ρ(r) =
ρs
(r/rs)
α
(1 + r/rs)
3−α
. (14)
It corresponds to the normal NFW profile if α = 1. The
parameter ρs is the normalization factor in order to fix
to ρ(r⊙) = 0.4 GeV/cm
3. The parameters rs and α are
taken as rs = 20 kpc and α = 1.15. This DM profile,
as well as the parameter values, are the same as ref. [43]
used to fit the excess around 130 GeV in the Fermi-LAT
data. We focus on the region of Reg4 in ref. [2, 43] to
compare the gamma-ray flux from DM annihilation and
the claimed gamma-ray excess. The background of the
gamma-ray flux is evaluated by the fitting function [2] in
the unit of GeV−1cm−2s−1sr−1
dΦBγ
dEγ
= 2.4× 10−5E−2.55γ . (15)
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FIG. 2: The contours satisfying the DM relic density and the
favored region to fit to the gamma-ray excess in the mχ-µ
plane. The fermion f is assumed to be an electron here.
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FIG. 3: Fitting to the gamma-ray excess via the VIB process.
We use the best fit parameters found here. The data are
taken from ref. [43]. Note that the energy dispersion of the
Fermi instrument is included; it is approximately 10% at Eγ =
100 GeV. This may alter the fit region.
We find the best fit point in the parameter space of
mχ, µ and yL to give the gamma-ray excess. The 53
data points counting from the the upper energy are taken
from ref. [43] and used for a chi-square analysis. Simul-
taneously, the constraint of the DM relic density is also
imposed. As a result of the analysis, we get the best fit
point of mχ = 155 GeV, µ = 2.05 and yL = 1.82 with
χ2min = 65.57 (51 d.o.f). From the values, the cross sec-
tion is calculated as 〈σvffγ〉 = 4.72×10
−27 cm3/s, which
is comparable with 6.2×10−27 cm3/s obtained in ref. [1],
while parameter setting is slightly different. The favored
mχ-µ region to fit to the gamma-ray excess is shown in
Fig. 2 where the Yukawa coupling yL is fixed by the con-
straint of thermal relic density of DM at each point. From
the figure, we can see that the DM abundance and the
gamma-ray excess coming from DM annihilation are con-
sistent each other. The favored region in large µ would be
slightly changed if the monochromatic photon induced by
the box diagrams is taken into account in the model [44].
The fitting of the gamma-ray excess with the evaluated
values is depicted in Fig. 3.
The Yukawa interaction considered here contributes
to the anomalous magnetic moment of fermion f , thus
it may constrain the strength of the interaction. The
anomalous magnetic moment of f is calculated from the
Yukawa interaction Eq. (1) as [29]
δaf =
y2L
(4π)2
m2f
m2χ
2 + 3µ− 6µ2 + µ3 + 6µ logµ
6(1− µ)4
. (16)
The current experimental bound [45, 46] for the electron
anomalous magnetic moment is given as δae ≡ ae(SM)−
ae(exp) = 1.06×10
−12 [47], while the value at the fitting
point is two orders of magnitude lower: δae ≈ 9.4×10
−15.
For the muon, the experimental bound is δaµ = 25.5 ×
10−10 [48, 49] and our value is 4.0× 10−10, one order of
magnitude below the bound. However, for example if we
have simultaneous Yukawa couplings to both the electron
and muon, the Yukawa coupling is extremely constrained
by charged lepton flavor violating processes like µ → eγ
unless destructive interference occurs.
We have discussed scalar DM having Yukawa interac-
tion with the left-handed light fermion f and the media-
tor ψ. The annihilation cross section of the DM into ff
is highly suppressed since the s-wave and p-wave are pro-
portional to the ratio of masses m2f/m
2
χ. As a result, the
d-wave can be dominant in the early universe, and the
DM relic abundance is obtained by the d-wave cross sec-
tion. Simultaneously, the VIB component of the radiative
correction for the process that is χχ → ffγ has s-wave
and it gives the line-like gamma-ray signal. The recently-
observed gamma-ray excess is well explained without in-
consistency with the thermal relic density of DM. We
have three parameters ofmχ, µ and yL, and obtained the
best fit point mχ = 155 GeV, µ = 2.05 and yL = 1.82
by fitting to the gamma-ray excess with the constraint of
the DM thermal relic density.
The framework discussed here works when the other
interactions of DM are small enough. The lightest right-
handed sneutrino DM in supersymmetric extended mod-
els would be a realistic candidate since the chargino plays
a role in the mediator ψ. To do that, the neutrino Yukawa
interaction should be large. Therefore supersymmetric
radiative seesaw models such as refs. [50, 51] would be
promising concrete models to implement this scheme be-
cause the neutrino Yukawa coupling can be order one and
tiny neutrino masses are derived without contradiction.
In addition, inverse seesaw models with supersymmetry
would also be good candidates for the framework [52].
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